Abstract. Genomic DNA amplification from 51 species of the family Chironomidae shows that most contain relatives of NLRCth1 LINE and CTRT1 SINE retrotransposons first found in Chironomus thummi. More than 300 cloned PCR products were sequenced. The amplified region of the reverse transcriptase gene in the LINEs is intact and highly conserved, suggesting active elements. The SINEs are less conserved, consistent with minimal/no selection after transposition. A mitochondrial gene phylogeny resolves the Chironomus genus into six lineages (Guryev et al. 2001) . LINE and SINE phylogenies resolve five of these lineages, indicating their monophyletic origin and vertical inheritance. However, both the LINE and the SINE tree topologies differ from the species phylogeny, resolving the elements into ''clusters I-IV'' and ''cluster V'' families. The data suggest a descent of all LINE and SINE subfamilies from two major families. Based on the species phylogeny, a few LINEs and a larger number of SINEs are cladisitically misplaced. Most misbranch with LINEs or SINEs from species with the same families of elements. From sequence comparisons, cladistically misplaced LINEs and several misplaced SINEs arose by convergent base substitutions. More diverged SINEs result from early transposition and some are derived from multiple source SINEs in the same species. SINEs from two species (C. dorsalis, C. pallidivittatus), expected to belong to the clusters I-IV family, branch instead with cluster V family SINEs; apparently both families predate separation of cluster V from clusters I-IV species. Correlation of the distribution of active SINEs and LINEs, as well as similar 3 0 sequence motifs in CTRT1 and NLRCth1, suggests coevolving retrotransposon pairs in which CTRT1 transposition depends on enzymes active during NLRCth1 LINE mobility.
Introduction
Reverse transcription, once thought to be peculiar to retrovirus replication, is an essential step for the mobility of LINE and SINE (short and long interspersed nuclear element, respectively) retrotransposons. Ranging from 3000 to 7000 nucleotide (nt) pairs in length, LINEs, or non-LTR (long terminal repeat) retrotransposons, are one of three kinds of transposable elements that encode reverse transcriptase as well as other activities required for mobility (Xiong and Eickbush 1990) . The others are retroviruses themselves (which contain LTRs) and LTR-containing retrotransposons. At 80-400 nt, SINEs are derived from RNA polymerase III-catalyzed transcripts, including tRNAs in most organisms and 7SL RNA transcripts in primates and rodents (Alu and B1 elements, respectively). Unlike LINEs, SINEs do not encode polypeptides. Once transposed, SINE copies are thought by some to be inactive as source elements for further transposition (Takasaki et al. 1994) . Active SINEs and LINEs can result in the integration of hundreds or even thousands of copies, profoundly influencing the genomic landscape in animals and plants beyond the impact of a few viruses (reviewed by Britten 1997; Kazazian and Moran 1998; Kidwell and Lish 2000; Bennetzen 2000) .
As of this writing, 15 LINE families are known Volff et al. 2000; Lovsin et al. 2001; Archipova and Morrison 2001; Burke et al. 2002) . Detailed studies of L1 elements in mammals (Hardies et al. 1986; Pascale et al. 1993; Casavant et al. 1996; and R1 and R2 elements in Drosophila Lathe and Eickbush 1997) revealed that phylogenies of retrotransposons are generally consistent with species phylogenies and with the vertical inheritance of LINEs. There is, however, evidence for infrequent horizontal transfer of non-LTR retrotransposons between species (Kordis and Gubensek 1995 Sezutsu et al. 1995) . Horizontally transferred elements and newly transposed LINEs presumably still encode enzymes necessary for further transposition and would be potentially mobile. Also, many organisms were shown to contain degenerate LINEs which undoubtedly lost their ability to transpose either during or after integration into the genome (reviewed by Smit 1996; Finnegan 1997) . Well-studied SINE families include S1 in Brassiceae and Cruciferae (Gilbert et al. 1997; Lenoir et al. 1997) , HpaI and SmaI in salmonids (Takasaki et al. 1994) , SmaI-cor in corregonid fish , and CHRS, CHR1, and CHR2 in cetaceans and artiodactyls (Shimamura et al. 1999) . Phylogenetic analysis of the S1 SINEs suggests that their evolution generally correlates with host species evolution. When phylogenetic relationships among species and their transposable elements do not agree, one possible explanation is that some species or individuals acquired the elements by horizontal transfer . Takasaki et al. (1994) noted the existence of members of the same HpaI SINE subfamilies ''in different salmonid lineages and the amplification of members of different subfamilies in the same... lineage.'' This is consistent with the origin of such SINEs from multiple source genes, as opposed to a single ''master'' gene (Matera et al. 1990; Leeflang et al. 1992; Takasaki et al. 1994 Takasaki et al. , 1996 Takasaki et al. , 1997 , or with horizontal transfer of the element between species. Horizontal transfer of a SmaI-cor SINE from corregonid fish to salmonids has been suggested based on comparisons of intraspecific consensus sequences of the elements (Takasaki et al. 1997; Hamada et al. 1997) .
The mechanism of SINE mobility has been a matter of some speculation. Since SINEs lack genes encoding activities required for transposition, their mobility may depend on that of LINEs. During transposition, a LINE-encoded endonuclease nicks chromosomal DNA and a LINE-encoded reverse transcriptase directs synthesis of a cDNA copy from the cut site directly onto the target site (Luan et al. 1993; Burke et al. 1999) . Similar target site duplications flanking primate Alu and rodent ID, B1, and B2 SINEs as well as mammalian L1 LINEs (Feng et al. 1996; Jurka and Klonowski 1996; Boeke 1997; Jurka 1997; Cost and Boeke 1998) suggest that the LINE enzyme may reverse transcribe and initiate the transposition of SINE sequences. In addition, common sequence motifs at the 3 0 ends of some SINE and LINE pairs might produce common 3 0 -end secondary structures that prime the reverse transcription of both elements (Jurka and Klonowski 1996; Ohshima et al. 1996) . Recently, the mobilization of the eel UnaSINE1 by the LINE UnaL2 was directly demonstrated, and the homologous 3 0 end sequences of the elements were found to be critical for this event (Kajikawa and Okada 2002) .
Taken together with the chironomid mitochondrial genes (Guryev et al. 2001) , the LINE and SINE sequences reported here are a uniquely large data set permitting comparison of species and retrotransposon evolution. The species phylogeny based on mitochondrial genes resolves six main species clusters. Retrotransposon phylogenies resolve one major clade containing the cluster V species and another containing the clusters I, II, III, and IV species (elements in cluster VI were not studied here). Except for several misplaced elements in the LINE and SINE trees, both phylogenies reveal that most of the LINEs and SINEs form similar species-specific clusters, supporting their propagation after species divergence. The data presented suggest that both SINEs and LINEs are active in most of the analyzed chironomid species and that their distribution arose mainly by vertical inheritance. Correlation of the distribution of the disrupted SINEs and LINEs among species as well as the sequence similarities near the 3 0 ends of one LINE/SINE pair suggests that CTRT1-like SINEs and NLRCth1-like LINEs are cotransposing and coevolving pairs in chironomids.
Materials and Methods
DNA Extractions, Polymerase Chain Reactions (PCR), and Cloning. In addition to laboratory populations of C. thummi, specimens were obtained from natural populations ( Fig. 1 ; more detail given by Guryev et al. 2001) . DNA was extracted from pooled fresh or frozen larvae as described (Blinov et al. 1997) or fixed in ethanol or ethanol/acetic acid (Guryev et al. 2001 ). Primers 5 0 -AGCAGCTACAGGCCAATAAGTCTAC and 5 0 -ATACAGTGCTGTATCATCTGCGAA amplify a 500-nt region encoding three highly conserved domains of the reverse transcriptase gene in ORF (open reading frame) 2 of LINE NLRCth1 (Blinov et al. 1993 (Blinov et al. , 1997 . Primers 5 0 -CGTTGGCCTT ACGTGCCAAA and 5 0 -CTTCAGCTGGAGGCACTG amplify most of SINE CTRT-1 (Gruhl et al. 2000) . For PCR product cloning, phosphorylated primers with 5 0 pentameric EcoRI linkers were synthesized at the State Research Center of Virology and Biotechnology ''Vector,'' Novosibirsk, Russia.
PCR amplification was with thermostable DNA polymerases including Taq (Perkin-Elmer Applied Biosystems Division, Foster City, CA) and EnzyPlus polymerase (EnzyPol Ltd., Denver, CO) under standard conditions. SINE amplification was as described previously (Gruhl et al. 2000) . Conditions for LINE NLRCth1 amplification were the same, except that the annealing temperature was increased from 42 to 48°C. Ethidium bromide 1% agarose gels were used to determine DNA concentrations. For cloning, PCR products made with EcoRI linker primers were gel-purified (Magic PCR Prep DNA Purification System; Promega, Madison, WI) and treated with T4 polymerase in the presence of dGTP to generate EcoRI-compatible cohesive ends (Aslanidis and de long 1990) . The PCR products were ethanol-precipitated and redissolved in TE buffer; 50 ng was ligated into 10 ng of EcoRI-digested pBlueScript plasmid (Stratagene, La Jolla, CA). Recombinant plasmids were transformed into XL1-Blue cells (Stratagene). Screening was by blue-white selection. Plasmid DNA was extracted using the Wizard Plus Miniprep DNA Purification System (Promega).
DNA Sequencing and Analyses. Manual DNA sequencing (both directions) was done with the dsDNA Cycle Sequencing kit (Gibco BRL-Life Technologies, Gaithersburg, MD). Automated DNA sequencing (both directions) was done using ABI dye-linked terminators with an ABI 373A automated ''stretch'' DNA sequencer (Perkin-Elmer). DNA sequences were aligned manually with ESEE (Eyeball Sequence Editor, v. 3.05; Eric Cabot, 1995) or FAR (v. 1.6; E. Roshal, 1996 E. Roshal, -1998 . LINE and SINE sequence alignments are deposited in the EMBL database under accession numbers ALIGN_000097 and ALIGN_000245, respectively; GenBank accession numbers for individual sequences in the alignments are linked with these ALIGN accession numbers. GenBank accession numbers for sequences of amplified but severely truncated LINEs not included in ALIGN_000097 are AF352405-AF352409 and AF352513-AF352531. GenBank accession numbers for SINEs from five species not included in the ALIGN_000245 alignment are AF366370-AF366374 (elements from C. borokensis, C. muratensis, C. piger, C. pseudothummi, and C. spilleri, respectively).
Since Mega 1.0 (Kumar et al. 1993 ) maximum parsimony and neighbor-joining (NJ) analyses yielded similar phylogenies for LINEs and for SINEs, only NJ data are reported here. Tree support was evaluated by 1000 replicate bootstrap analysis (Felsenstein 1985) . With a few exceptions, bootstrap values <51% are not shown in trees. LINEs with deletions or insertions in the ORF2 sequences that would disrupt coding potential were not included in the analyses. Severely truncated SINEs were also excluded from the phylogenies. Consensus sequences for LINEs generated with ASSEMBLER (http://molecularworkshop.com/ programs/asmbl001.html) are available on request.
Results and Discussion

Retroposon Distribution Among Chironomid Species
Relatives of LINE NLRCth1 and tRNA-derived SINE CTRT1 originally discovered in C. thummi, have been found in other chironomid species (Blinov et al. 1993 (Blinov et al. , 1996 Gruhl et al. 1997 Gruhl et al. , 2000 . If both elements predate radiation of the chironomids, then both should be widespread in the family Chironomidae. Therefore, the species studied here were chosen to represent a broad phylogenetic distribution (Fig. 1) . In preliminary studies of 51 geographically (Palearctic, Nearctic, Australian, Oceanian, and Southeast Asian) and 5 phyletically diverse chironomid genera (Kiefferulus, Glyptotendipes, Sergentia, Archaeochlus, Chironomus), NLRCth1 copies could be amplified in 3 genera: Kiefferulus, Glyptotendipes, and Chironomus (except for C. hawaiiensis). In contrast, CTRT1-like SINEs were amplified from 37 of 47 species of the genus Chironomus but were not detected in the other genera. SINEs and LINEs were further analyzed in Palearctic (C. thummi, C. tentans, C. pallidivitattus, C. luridus, C. dorsalis, C agilis, C. plumosus, C. annularius, C. cingulatus, C. balatonicus, C. tuvanicus), Australian (C. duplex, C. ''februarius,'' C. nepeanensis, C. tepperi, C. australis), one Southeast Asian (C. circumdatus), and one Oceanian (C. crassiforceps) species. The latter two species are also Australian but separated by the continental land mass.
LINE and SINE Sequence Comparisons
In the absence of interspecific DNA exchange by introgression or ''horizontal'' transfer, gene phylogenies should be consistent with the species relationships that assume vertical descent from common ancestors. However, the promiscuous mobility of some transposable elements can confound the interpretation of molecular phylogenies. For example, transposed elements are often no longer mobile, diverging rapidly in the absence of selective pressure. Where there may have existed a family of source elements in an ancestral species, descendant species may have retained different family members. Finally, horizontal transfer could result in an exchange of active elements or their transposed copies between phylogenetically distant species. It is therefore necessary to analyze many copies of transposable elements from each species in order to establish meaningful evolutionary relationships. This was done for clones of 169 NLRCth1 LINEs and clones of 146 CTRT1 SINEs PCR-amplified from 18 Palearctic, Australian, Oceanian, and Southeast Asian chironomid species.
Sequences of the 500-nt reverse transcriptase encoding the ORF2 fragment of NLRCth1-like LINEs are similar to the original element characterized in C. thummi (Blinov et al. 1993 ). All were full-length, strongly conserved, and without premature stop codons except for a few with significant deletions in ORF2 (all pallidivitattus; duplex 3; circumdatus 5). Based on in situ hybridization of an NLRCth1 probe to salivary gland cell polytene chromosomes (Blinov et al. 1996) , there are 60-100 hybridization sites for species with low nucleotide divergence between LINEs, such as C. thummi, and about 20 sites for species with more highly diverged elements, such as C. plumosus and C. balatonicus (data not shown). This is consistent with a longer period of inactivity of the latter LINEs and/or with the transposition of fewer copies of these elements.
To estimate selective pressure on the ORF2 reverse transcriptase region in the different species, ratios of synonymous-to-nonsynonymous base substitutions Fig. 1 . Phylogenetic relationships of Chironomus species and list of chironomids used in the analysis. The majorityrule consensus neighbor-joining tree based on sequences of mitochondrial genes COI and Cytb and division of species into clusters I-VI is essentially as inferred by Guryev et al. (2001) . Distantly related chironomid genera (Sergentia, Archaeochlus) and Drosophila are represented; species absent from the mitochondrial tree but used in the present study are listed below the tree. Plus and minus signs indicate positive and negative results of PCR amplification of NLR or SINE elements in a respective species. PCR products which have been cloned and sequenced are indicated by a circled plus sign. Species for sequencing were chosen so that representatives from phylogenetic clusters I, II, III, IV, and V are represented in the analysis. Geographical regions: A, Australia; Af, Africa; PA, Palearctic; NA, North America; SA, South America; O, Oceania; SEA, Southeast Asia. Scale is genetic distance as nucleotide divergence.
(Ks/Ka) were calculated by aligning a consensus sequence of the amplified LINEs of C. nepeanensis (the most diverged species; Figs. 1 and 2) with individual LINEs (EMBL accession No. ALIGN_000097) or with species-specific LINE consensus sequences for the other species. Since there was no significant difference in Ks/Ka values comparing individual or consensus sequences, only the latter are reported here. Ks/Ka ratios ranged from 6.1 to 10.7. This is within or even higher than the Ks/Ka range of 1.78 to 8.5 determined for the chironomid globin 2b gene. Apparently, comparable selective pressure is maintaining active LINEs in the different species. Like chironomid LINEs, 41 apparently intact Rte-1 elements in Caenorhabditis elegans had high Ks/Ka ratios, indicating selective pressure to preserve the continued mobility of most of the elements. The lower Ks/Ka ratio for nine deleted, more diverged Rte-1 elements (Malik and Eickbush 1998) indicates that a higher rate of sequence divergence and of nonsynonymous base substitutions is associated with the loss of reverse transcriptase function and mobility in these elements. However, when Chironomus LINEs with major deletions were included in Ks/Ka calculations, the ratios were comparable to those of undeleted LINEs (data not shown), suggesting that the deletions (and consequent inactivation) may have been quite recent.
Alignment of SINE fragments from 146 clones representing 18 species generates 399 residues (EMBL accession No. ALIGN_000245). Scattered small indels characteristic of a few elements are most likely insertions. C. tuvanicus, C. crassiforceps, and some C. agilis SINEs were substantially deleted. Nevertheless, 303 of the 399 positions in the alignment are 80% identical. This relatively high level of sequence conservation of otherwise nonselected SINE copies is consistent with the recent mobility of a CTRT1-like source SINE(s) within each species.
Phylogenetic Analyses Reveals Two LINE Families
A comprehensive study of mitochondrial genes ( Fig. 1 ; Guryev et al. 2001 ) reveals the progressive origins of phylogenetic groups, or clusters, containing the ''ancient'' Australian species (I), the ''modern'' Australian species (II), camptochironomids (III), the ''pseudothummi'' species (IV), and the ''plumosus'' phylogenetic group (V+VI). When the LINE tree was constructed with the element JuanC from Culex or T1 from Anopheles gambidae as an outgroup, the Chironomus LINEs appeared to be monophyletic and C. nepeanensis LINEs appeared to be the most basal among all Chironomus elements (data not shown). Shortened chironomid LINE branches resulting from use of JuanC and T1 as outgroups were better resolved in a phylogeny rooted with C. nepeanensis (Fig. 2) . All LINEs are well resolved in species-specific clusters in this tree. The species-specific clustering of chironomid LINEs is similar to the congruence of Drosophila R1 and R2 LINE families with molecular and morphological phylogenies Lathe and Eickbush 1997) . However, the topology of the LINE tree is not identical to the species phylogeny. LINEs from clusters I, II, III, and IV form a single clade within which the position of the elements follows the species phylogeny, while cluster V LINEs (the ''plumosus'' group) form a second clade. The ''clusters I-IV'' and ''cluster V'' clades represent two major LINE families. Either the ''cluster V'' family resulted from divergence after the separation of cluster V species from the rest of the chironomids or both families predated the separation of the clusters. In the latter case, while both families would have been present in the clusters I-IV and cluster V lineages, only one LINE family transposed in the clusters I-IV lineages, while the other was active only in the cluster V lineage.
The misplacement of the plu2 and plu6 LINEs with C. balatonicus elements and of plu8 with C. agilis elements (boxed in Fig. 2) can be explained by convergent evolution or by the retention of similar LINE copies in the genomes of these closely related host species (Fig. 1) . There are 7-10 base differences between plu8 and all the C. agilis LINEs, similar to the variability among agilis LINEs themselves. At the same time, there are 15-20 differences between plu8 and other C. plumosus sequences. Likewise, there are 10-13 changes between plu2 or plu6 and the C. balatonicus elements, while there are 15-22 changes between plu2 or plu6 and the other plumosus LINEs. The closer relationships of cladistically misplaced LINEs to their neighbor species than to LINEs from the same species support an ancestral polymorphysm among the LINEs rather than their evolutionary convergence.
Phylogenetic Analyses Reveals Two SINE Families
Since CTRT1-like SINEs are found exclusively in the representatives of the genus Chironomus, nonchironomid species could not be used as an outgroup. The SINE phylogeny (Fig. 3) was rooted by C. nepeanensis SINEs, the most basal lineage according to the species phylogeny. The topology of the tree resolves two major clades that, with some notable exceptions (see below), separate species in clusters I-IV from those in cluster V. Thus, as is the case for the LINEs, there are clearly clusters I-IV and cluster V SINE subfamilies. Also, like the LINEs, most of the SINEs are resolved into species-specific subfamily clusters within each of the two families.
In contrast to the LINEs, there are more cladistically misplaced SINEs. The thu1 SINE branches basal to SINEs in clusters III and IV species; dup8 and dup14 branch basal to both australis and other duplex SINEs; agi3 branches basal to plumosus, balatonicus, and other agilis SINEs; and bal3 lies basal to cingulatus and annularius SINEs. The SINEs of each of these species are most likely the earlier products of transposition of the same source elements prior to species separation. Fig. 3 . Neighbor-joining tree of CTRT1-like SINE elements. Multiple cloned PCR-amplified products of a region within the SINE were sequenced for each species. Clone names and bootstrap values are as described for Fig. 2 . Clones with unusual positions in the tree are boxed and discussed in the text. Scale is genetic distance (nucleotide divergence).
Albeit with slim bootstrap support (<51%), plu2 and plu9 branch with C. balatonicus SINEs. The sequences of these SINEs were compared directly with the sequences of elements from the same species and from the species in which they incorrectly branch. While base changes at positions 301, 308, 335, and 377 distinguish plu9 from other C. plumosus SINEs, only the A 301 fi G 301 change converts a base common to all other C. plumosus SINEs to one typical of C. balatonicus SINEs; plu2 shares the A 301 fi G 301 substitution. These relatively few base differences, all transitions, suggest that plu2 and plu9 most likely branch with elements of related species due to random convergent base substitutions in sequences no longer subject to selection.
Based on the species phylogeny (Fig. 1) , C. annularius diverged more recently than C. cingulatus. The anomalous branching of cin4, cin5, and cin6 with annularius SINEs may have resulted if after species separation, C. annularius evolved a species-specific source SINE (ann2-ann19) while retaining the ann1 element descended from C. cingulatus. This conclusion, rather than accidental convergence, is supported by the fact that there are 15-22 base differences between ann1 and the other annularius SINEs (similar to the average difference between cingulatus and annularius SINEs), while ann1, cin4, cin5, and cin6 differ by only 6-10 bases.
Because they can have SINEs belonging not merely to the wrong subfamily, but to the wrong family, it is more difficult to explain how C. palidivittatus (a cluster III species) and C. dorsalis (a cluster IV species) can have active elements belonging to the cluster V SINE family. First, all of the C. dorsalis SINEs branch incorrectly with those of the cluster V species. Second, while pal3 does indeed branch with the SINEs of its cluster III relatives, pal1 and pal5 branch with C. dorsalis SINEs, and pal4 branches right in the middle of the ''plumosus'' group. Apparently at least two active SINE lineages are being maintained in C. pallidivitattus. These cladistic misplacements could result if C. dorsalis and C. pallidivitattus independently acquired the plumosus group source SINE by horizontal transfer. Alternatively, the two SINE lineages (i.e., clusters I-IV and cluster V) may predate separation of the species clusters. In this case, cluster V-like elements would have transposed in C. dorsalis and C. pallidivitattus while clusters I-IV SINEs remained inactive in C. dorsalis. The latter alternative is more likely since at least three separate horizontal transfer events would be required to explain the C. dorsalis, pal1/5, and pal4 branches. Apparently, the cluster V family source SINE was present before separation of cluster V from clusters I-IV species and has been active in both lineages. The pal4 SINE, which branches with those of C. cingulatus, may be a special case. It is as similar to C.
cingulatus SINEs (9-18 base differences) as C. cingulatus SINEs are to themselves (6-20 base differences). In contrast, pal4 is 25-41 bases different from other C. pallidivitattus SINEs. Because of the closer similarity of pal4 to C. cingulatus, the possibility of horizontal transfer of a SINE from C. cingulatus to C. pallidivittatus cannot be excluded.
Chironomid SINE and LINE Coevolution and Origins
LINEs can exist without SINEs, e.g., in C. elegans and D. melanogaster (C. elegans Sequencing Consortium 1998; Adams et al. 2000) , but so far, not vice versa. Since SINEs do not encode enzymes needed for mobility, LINEs probably provide enzymes for SINE transposition (Jurka and Klonowski 1996; Ohshima et al. 1996; Jurka 1997; Okada et al. 1997; Malik and Eickbush 1998) . Our findings agree with previously reported data. C. hawaiensis is the only species of Chironomus studied in which neither a LINE nor a SINE could be amplified by PCR (Fig. 1) . In the cases of C. tuvanicus and C. crassiforceps, LINEs could not be cloned from PCR product smears eluted from gels, and all of the SINEs of these species are highly diverged and significantly deleted, suggesting an absence of recent transposition activity. In general, SINEs from chironomid species with corrupt or missing LINEs are either absent or highly diverged and/or disrupted due to a long period of inactivity. C. pallidivittatus LINEs had large deletions within the ORF2 reading frame, implying that these elements as well had not been active for some time. Thus, the SINEs of C. pallidivittatus, the only species with SINEs found in both of the major clades, may also not have transposed recently.
Homologous motifs at the 3 0 -end sequences of SINEs and LINES may provide a mechanism for the common priming of reverse transcription of the RNAs of both elements into mobile DNAs (Ohshima et al. 1996) . Similar 3 0 motifs are known for >10 pairs of elements from tortoise, turtle, fish, mammals, and plants (Smit 1996; Kajikawa et al. 1997; Okada et al. 1997; Okada and Hamada 1997; Terai et al. 1998; Gilbert and Labuda 1999; Ogiwara et al. 1999) . A similarity between 3 0 motifs of MIR SINEs and the CR1 LINE even hints that some ancient SINE/LINE pairs evolved before separation of mammalian and reptilian lineages (Ohshima et al. 1996; Okada et al. 1997; Gilbert and Labuda, 1999) . In C. thummi, the original genomic clones of LINE NLRCth1 and SINE CTRT1 share >45% similarity over a 64nt region near their 3 0 -ends (Fig. 4) . This similarity, and an even stronger one (70% over 23 nucleotides), supports a hypothetical, coevolving NLRCth1/ CTRT1 pair in which the mobility of the SINE depends on that of the LINE. It should be noted that this region was not included between the primers selected for SINE amplification. The similar branching of elements into two family clusters in the LINE and SINE phylogenies is consistent with contemporaneous mobility of both elements in each species and therefore with the coevolution of both elements.
If SINE transposition depends on LINE mobility, then LINEs evolved first. A modern classification of LINEs includes more than 70 eukaryotic elements divided into 12 families . In this classification all LINEs have a common root in the Cre clade, an ancient LINE distributed only among primitive eukaryotes. The chironomid LINEs (here called the LINE Chir family) can be traced to a relatively recent branch of these elements. Members of the LINE Chir family were amplified from the related Kiefferulus and Glyptotendipes genera (this study) and are even older than the family Chironomidae, being structurally related to the juan family of elements in the Jockey clade ) widely distributed in Diptera.
Because SINE families show little or no sequence similarity across phyla, deep-rooted tree construction is not possible. SINEs do not have a common origin and probably appeared independently in different taxa. Among Chironomidae, only the genus Chironomus contains CTRT1-like SINEs (the SINE Chir family). Within this genus, SINE amplification failed in C. hawaiiensis, C. sp3 (Cook Islands, Oceania), C. sp2 (Rio de Janeiro, South America), C. xanthus (South America), C. cocoon, C. tigris, C. entis, C. decorus group sp1 (North America), C. tenuistylus, and Lobochironomus sp. (Palearctic). This suggests that the SINE Chir family of elements (including CTRT1) originated in an ancestor common to the Australian and Palearctic species.
Summarizing evolutionary data (Makarevich et al. 2000; Guryev et al. 2001, this report) , the common ancestor to the genus Chironomus (already containing an NLRCth1-like LINE) must have appeared in Pangaea, before drift separated present-day continents about 120 million years ago. Among the species studied, the most ancient are South American (Blinov and Guryev et al., unpublished data) . Species migrating to Australia via the Antarctic region would have established the northern and southern Australian phylogenetic groups and already would have contained CTRT1-like SINEs. Moving farther north, to Asia and then Europe, the northern Australian group would then have established the Palearctic lineages, including the phylogenetically recent camptochironomid, pseudothummi and plumosus groups. Representatives of the latter groups then migrated across the Bering Straight to North America to establish the North American nearctic species. Based on their outlying positions on the mitochondrial gene phylogeny, their intronless 2b globin genes (Blinov, unpublished data) and their lack of a PCR-amplifiable CTRT1-like SINE, other North American species such as C. cuccini and C. tigris most likely moved north from South America some time before another South American species began its/their Antarctic migration. Assuming Africa to be a side trip during migration to Australia, it will be of great interest to collect data from African chironomids to place them in their correct evolutionary context and pinpoint more accurately the time of origin of CTRT1-like SINEs.
We began this study of LINE Chir and SINE Chir retrotransposons with two questions (1) Does retroelement evolution correlate with that of the host species? And (2) Do the LINEs and SINEs coevolve as if SINE Chir mobility depends on LINE Chir transposition? The fact that most LINEs and SINEs branch in species-specific phylogenetic clusters supports their independent and relatively recent mobilization in different species. Misplacement of LINEs and several SINEs can be largely explained by ancestral polymorphysm of the elements or fortuitous convergent sequence evolution. Data for the LINEs and most of the SINEs therefore support their inheritance by linear descent, although in one case (pal4), lateral transfer remains a possibility. LINE and SINE coevolution and dependence of SINE on LINE mobility are supported by the similarity of C. thummi LINE and SINE 3 0 motifs and the correlation of degenerate LINEs and SINEs in a specific species. It will be of great interest to determine if the clusters I-IV LINEs and SINEs, on the one hand, and the cluster V LINEs and SINEs, on the other, represent separate coevolving pairs based on shared 3 0 sequence motifs.
